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Little is known about the behavior of cells within the anterior neural plate or tube in developing mammalian embryos in
utero due to technical limitations. Here we labeled neuroepithelial cells with vital dye and traced their siblings for 1 or 2
days using the whole-embryo culture system. The results demonstrated that rostral cell movement from the midbrain to the
forebrain in the mouse neural plate was restricted at the boundary by the five-somite stage. Coincident with restriction of
cell intermingling, expression of a transcription factor, Pax6, and a cell adhesion molecule, cadherin-6, commmenced to
demarcate the forebrain compartment. Within this compartment, we also mapped several prospective regions of the
telencephalon and diencephalon to the eyes. The fate map of the mouse prosencephalic neural plate was very similar to
those of other vertebrates, providing evidence that mammalian-specific brain structures, represented in the cerebral
neocortex, could evenly develop along the conserved framework of neuromeres. © 2000 Academic Press
Key Words: fate mapping; mouse forebrain; mammalian whole embryo culture; neuromeres; compartment; neural crest
cells; Pax6; cadherin-6.F
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(INTRODUCTION
The forebrain (prosencephalon), which is the most ante-
rior portion of the central nervous system (CNS), gives rise
to a variety of tissues including the eyes, telencephalon, and
diencephalon during development. Within this area, mam-
mals have acquired a six-layered architecture of cells named
the neocortex, and the region has evolved in human beings
especially for total cognitive association as well as linguis-
tic communication. All structures of the vertebrate fore-
brain originate from a simple cellular sheet called the
neural plate.
During the process of vertebrate neural development,
many bulges or sulci are formed in an orderly manner at the
anterior part of the neural plate or tube to establish ana-
tomical brain subdivisions. An elegant series of analyses at
the cellular level using chicken embryos has demonstrated
that some of these subdivisions appear to be compartments
of restricted cell lineage. For instance, when a single neu-
roepithelial cell in a hindbrain segment of the early chicken
embryo was labeled with vital dye just after the bulges
became visible, the siblings were found to be clonally
restricted within the segment (Lumsden and Keynes, 1989;
m
m
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All rights of reproduction in any form reserved.raser et al., 1990). The same was the case for visible
egments in the chicken diencephalon, emerging at later
tages (Figdor and Stern, 1993). Now, such metameric units
re termed “neuromeres” (or “rhombomeres” for hindbrain
egments in particular).
The biological significance of the compartment was sim-
ly thought to be in preventing cells once patterned along
he body axis from random mixing during development
reviewed in Dahmann and Basler, 1999). However, recent
tudies on the expression of various genes have suggested
hat the neuromeres also provide important bases for neural
ircuit formation in the brain (Puelles and Rubenstein,
993; Rubenstein et al., 1994; Lumsden and Krumlauf,
996). According to this hypothesis, several transcription
actors and secretary molecules differentially demarcate
euromeres and the subsequent chemical differences be-
ween them should determine the production of various
ets of neurons as well as selective guidance cues for the
euronal axons. In evolutionary processes, the neuromere
nits are rigid in number, compared with the somite units
Richardson et al., 1998). It is speculated that not neuro-
eric recombination but modifications within each neuro-
ere bring about the features of species-specific brain
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374 Inoue, Nakamura, and Osumimorphology represented in the mammalian neocortex (Fer-
nandez et al., 1998).
The process of compartmentalization or regionalization
of the vertebrate neural plate or tube has been well docu-
mented in the fish (Woo and Fraser, 1995), amphibian
(Jacobson, 1959; Eagleson and Harris, 1990; Eagelson et al.,
1995), and chicken (Couly and Le Douarin, 1987; Lumsden
and Keynes, 1989; Fraser et al., 1990; Figdor and Stern,
1993; Rubenstein et al., 1998) experimental systems. In
contrast, only a few analyses have been performed on early
mammalian brains due to the technical limitations of
approaches used to investigate developing embryos in
utero. Accordingly, all fate maps for mammalian brains
have been based on a series of morphological landmarks or
gene expression profiles in the early neural plate or tube
(Alvarez-Balado and Swanson, 1996; Rubenstein et al.,
1998).
The mammalian whole-embryo culture (WEC) system
used by us and other investigators allows the normal
growth of mouse and rat embryos in vitro for a few days and
heir manipulation at any time (reviewed in Osumi-
amashita et al., 1997). Indeed, lineage traces of neural
rest cells (Serbedzija et al., 1992; Osumi-Yamashita et al.,
994, 1996), early endodermal cells (Lawson et al., 1986;
awson and Pederson, 1987), and mesodermal cells
Parameswaran and Tam, 1995; Wilson and Beddington,
996) have been performed by means of this method.
Here we applied a dye-tracing method to this culture
ystem to specifically examine how a variety of tissues or
ubdivisions in the telencephalon/diencephalon is gener-
ted from the simple anterior neural plate of the early
ouse embryo. The results provide the first evidence that
he cell lineage of the early forebrain is restricted from that
f the midbrain by the 5-somite stage. We also found that a
ranscription factor, Pax6, and a cell adhesion molecule,
adherin-6, coincidentally commenced their expressions to
emarcate the forebrain compartment. Within this com-
artment, we could map several prospective regions of the
elencephalon and diencephalon to the eyes. In the context
f how our fate map compares with those of other verte-
rates, we discuss early mouse brain development and
volution.
MATERIALS AND METHODS
Cell Labeling in the Mouse Prosencephalic Neural
Plate
ICR mice were mated to obtain embryos. DiI (Molecular Probes;
D-282) or DiO (Molecular Probes; D-275) was dissolved to satura-
tion in dimethylformamide and stored at 4°C. For labeling of the
embryonic neuroepithelium, and embryo ready for culture was
held with a glass holding pipette and microinjected manually with
the 10-fold diluted dye stock solution, yielding only 10–50 cells in
the neural plate to be labeled (Figs. 1A–1H). Routinely, each labeled
spot was imaged under the binocular microscope (Leica; MZ 8)
equipped with the CCD camera (Leica; 3 CCD high-gain color
camera), and the image was precisely recorded by a color video copy
Copyright © 2000 by Academic Press. All rightprocessor (Mitsubishi; SCT-CP7000; Figs. 1D–1H). To eliminate
the embryos with excess labeling, they were also examined under
the fluorescence microscope (Leica; MZ FLIII). Photographs were
taken under this microscope, if necessary (Figs. 1A–1C). The
detailed protocol for the WEC system and labeling methods have
been described previously (Osumi-Yamashita et al., 1994, 1996,
997). The number of somites and morphology of embryos were
arefully checked after culture, and those embryos exhibiting
bnormal development were excluded from the study. Using our
ulture system, .95% of embryos developed normally over 18–24
in culture and .85% over 45–50 h in culture. The harvested
mbryos were fixed with 4% paraformaldehyde in phosphate-
uffered saline for 12 h at 4°C and immersed in a graded series of
lycerol solutions up to 60%. The cranial portion of each embryo
as cut sagittally into halves and flat-mounted onto glass slides
sing a 60% glycerol solution. Photographs were taken under a
eiss Axiophoto microscope fitted with a filter suitable for the dye
abel.
Analysis for Gene Expression
We generated a polyclonal antibody for Pax6, using a synthetic
polypeptide corresponding to the 17 C-terminal residues of the
mouse Pax6 protein (H2N-QVPGSEPDMSQYWPRLQ-COOH) as
n immunogen, according to the previous report (Davis and Reed,
996). For whole-mount immunostaining, the polyclonal antibody
as used at 1/250 dilution. Horseradish peroxidase- or Cy3-
onjugated, affinity-purified donkey anti-rabbit IgG (AP182P or
P182C; Chemicon International, Inc.) was used at a 1/300 dilu-
ion for antibody detection. The riboprobe for cadherin-6 was
repared as reported previously (Inoue et al., 1997). Whole-mount
mmunostaining and in situ hybridization were performed as
escribed (Inoue et al., 1997).
RESULTS
Cell Lineage of Forebrain Is Restricted from That
of Midbrain at the 5-Somite Stage
We first examined whether the forebrain per se could be
defined as a cell-lineage-restricted compartment and, if so,
when could this be determined. Various parts of the ante-
rior neural plate at the 0- to 7-somite stages were labeled
using a cell-autonomous vital dye, DiI (Figs. 1A–1H), and
sibling cells were observed after the WEC for up to 24 h
(Figs. 1D9–1H9). This culture period was of sufficient dura-
tion to allow the development of a morphologically identi-
fiable forebrain/midbrain boundary (arrowheads in Figs.
1D9–1H9). We categorized the siblings of each labeled spot
into three classes: (i) those distributed only within the
forebrain (Figs. 1D9 and 1H9, plotted as green triangles in
Fig. 2A), (ii) those distributed in both the forebrain and the
midbrain (Figs. 1E9 and 1F9, plotted as yellow squares in Fig.
2A), and (iii) those distributed only within the midbrain
(Fig. 1G9, plotted as red triangles in Fig. 2A).
At the 0- to 3-somite stage, a demarcated region in which
the siblings of labeled spots contributed to the forebrain
only was observed (Fig. 2A). However, a considerable popu-
lation of cells contributed to both the forebrain and the
midbrain up to the 4-somite stage (yellow squares in Fig.
s of reproduction in any form reserved.
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plate. (A–H) Various spots within the anterior neuroepithelium are
labeled with DiI (white arrows in A–C; black arrows in D–H).
375Fate Mapping of the Mouse Forebrain
Copyright © 2000 by Academic Press. All right2A). Such cell populations could scarcely be seen by the
5-somite stage and any siblings of the labeled cells in the
neuroepithelium distributed within either the forebrain or
the midbrain; an exception was found only in the midline
(Fig. 2A). Further, to make sure of the trend observed at the
5-somite stage, we simultaneously labeled neuroepithelial
cells by DiI and DiO just anterior and posterior to the
suggested forebrain/midbrain boundary region of 5-somite
stage embryos, which were subsequently cultured for 24 h.
As a consequence, these two populations of labeled cells
were found to oppose each other in a straight line along the
border (Figs. 2B and 2C). We thus concluded that the cell
lineage of the mouse forebrain is restricted from that of the
midbrain by the 5-somite stage, when the large bulge
becomes visible at the forebrain/midbrain junction.
As an incidental observation arising from the analysis
described above, we sometimes found that labeled popula-
tions of cells originating from the forebrain/midbrain mi-
grated into the frontonasal and maxillomandibular regions
(data not shown; black shaded triangles and squares in Fig.
2A). These labeled cells appeared to be neural crest cells, as
previously reported (Osumi-Yamashita et al., 1994), and
ctually expressed neural crest markers such as AP-2 and
RABP I (our unpublished observations). Interestingly, the
eural-crest-generating area was not confined to the edge of
he mouse prosencephalic neural plate at the 0- to 3-somite
tage, but rather occupied nearly half of the lateral neural
late (Fig. 2A). By the 5-somite stage this crest-cell-
enerating area was limited to the edge of the neural plate
Fig. 2A).
Gene Expression Profiles for Pax6 and Cadherin-6
in the Early Mouse Neural Plate
It is of note that there are two molecular profiles that are
well correlated with establishment of the forebrain com-
partment. First, we focused on the forebrain-specific tran-
scription factor Pax6, which may play a role in defining
regional specificity (Stoykova and Gruss, 1994; Shimamura
et al., 1997; Mastick et al., 1997). We found that expression
f Pax6 in the anterior part of the neural plate appeared at
10–50 cells are labeled with our method (A–C). As for A, the
embryo is fixed immediately after the dye injection and dissected
to count the number of labeled cells in the neural plate: 15
Dil-positive cells are countable at just anterior to the preotic
sulcus. (D9–H9) The corresponding labeled sibling cells after the
WEC for up to 24 h, visualized in the flat-mount preparation of
brains cut sagittally into halves. For presentation, the images in
E9–G9 are purposely reversed: the left side of D9–H9 corresponds to
the anterior site of brains observed from their ventricular sides. All
results are summarized in Fig. 2A. a, anterior portion of the neural
plate; p, posterior portion of the neural plate; s, somite stage; whiteFIG. 1. Cell labeling analysis of the early mouse anterior neural
arrowheads in D9–H9, the morphologically identifiable forebrain/
midbrain boundary.
s of reproduction in any form reserved.
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376 Inoue, Nakamura, and Osumithe late 4-somite stage (Fig. 3B). By the 5- to 8-somite stage,
the posterior limit of expression became apparent at the
forebrain/midbrain junction (Figs. 3C and 3D). This expres-
sion pattern was maintained afterward up to at least E12.5
FIG. 2. Establishment of the forebrain compartment by the 5-som
initial labeled spots are categorized into three classes: those whose
A; Figs. 1D9 and 1H9), (ii) in the forebrain as well as the midbrain (y
(red triangles in A; Fig. 1G9). Those generating additional neural cr
the initial labeled spots presented in Figs. 1B–1H are pointed out
forebrain is restricted from that of the midbrain by the 5-somite st
the suggested forebrain/midbrain compartment boundary, labeled w
magnification of (B). fb, forebrain; mb, midbrain; white dashed line
Dlx-5 expression in the early neural plate is indicated in A (see Din mice (Figs. 3E and 3F; Stoykova and Gruss, 1994).
Incidentally, Pax6 expression in the ventral part of the
e
f
Copyright © 2000 by Academic Press. All rightorebrain gradually decreased during development; the
rosencephalic basal plate was entirely negative for Pax6 by
he 8-somite stage in our immunostaining analysis (Figs.
D and 3F). To confirm that the posterior limit of Pax6
tage. (A) According to the distribution of sibling cells in the brain,
ngs are distributed (i) within only the forebrain (green triangles in
squares in A; Figs. 1E9 and 1F9), and (iii) within only the midbrain
ells are indicated by black triangles and squares. The positions of
rows 1b–1h. The results demonstrate that the cell lineage of the
B and C) The siblings of cells labeled just anterior and posterior to
iI and DiO, respectively, border each other after 24 h. (C) A higher
forebrain/midbrain boundary. For comparison, Hesx-1, Wnt-1, and
sion for details).ite s
sibli
ellow
est c
by ar
age. (
ith Dxpression in the neural plate was identical to the
orebrain/midbrain compartment boundary, we labeled
s of reproduction in any form reserved.
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377Fate Mapping of the Mouse Forebraincells in the anterior midbrain at the 5-somite stage, when
the cell lineage was restricted. The embryos were subse-
quently cultured for more than 24 h. As a result, no sibling
cells in the midbrain were localized within the Pax6-
positive region. In addition, DiO-positive cells in some
cases bordered with the Pax6-positive cells along a straight
line as shown in Figs. 4A–4C.
Second, to gain further insight into the molecule directly
responsible for these cellular behaviors, we focused on the
cell adhesion receptor, cadherin-6, in the early neural plate.
Importantly, cadherin can confer on cells selective adhe-
siveness (Takeichi, 1995), and cadherin-6 expression within
the forebrain has previously been reported (Inoue et al.,
1997). In situ hybridization analysis made it sure that
cadherin-6 mRNA expression appeared within the forebrain
compartment at the 5-somite stage (Figs. 3H and 3I). The
expression profiles of Pax6 and cadherin-6 support the
notion that neuroepithelial cells, once patterned, never
intermix randomly at the forebrain/midbrain boundary.
Fate Mapping within the Mouse Forebrain
Compartment at the 5- to 7-Somite Stage
Since it was demonstrated that the mouse forebrain was a
cell-lineage-restricted compartment by the 5-somite stage, we
next determined prospective brain regions within the com-
partment, following 50 h of WEC. This culture period was of
sufficient duration to allow embryos to develop up to the
prosomeric stage, corresponding to E10.5 in vivo, when vari-
ous brain regions become identifiable (Figs. 5A–5L). As sum-
marized in Fig. 5M, sibling cells arising from a labeled spot at
the 5- to 7-somite stage sometimes contributed to overlapping
brain regions. However, neighboring spots in the prosence-
phalic neural plate gave rise to adjacent brain regions, allowing
us to draw a fate map within the forebrain compartment (Figs.
6A and 6B).
Notable was the fact that midbrain cells (Fig. 5H and
squares in Fig. 5M) never crossed the forebrain/midbrain
boundary even after 2 days of culture, the whole pretectum
FIG. 3. The gene expression profiles for Pax6 and cadherin-6 in t
plate, Pax6 protein is first detected at the late 4-somite stage (arrowh
to the 22-somite stage (B–F), although expression levels in the basal
is detected within the headfold (black arrow in G) at the 3- to ea
prosencephalic neural plate (black arrowheads in H) by the late 4-so
cadherin at the late 5-somite stage (I). Note that the onset of
compartment. fb, forebrain; hf, headfold; mb, midbrain; POS, pre
cadherin-6-positive endodermal cells and white arrows in (I) show
(H) and (I) indicates cadherin-6 expression in the posterior neural pla
boundary at the 5-somite stage.
FIG. 4. The posterior limit of Pax6 expression is identical to the fo
distribution of the midbrain cells labeled with DiO in the flat-mou
Pax6 immunostaining is localized only in the cell nuclei. (C) The
bordering on the Pax6-positive forebrain cells along a straight line. fb, f
boundary.
Copyright © 2000 by Academic Press. All rightegion (green circles in Fig. 5M and the green areas in Figs. 6A
nd 6B) was generated not from the anterior midbrain, as
uggested previously (Alvarez-Balado and Swanson, 1996), but
rom a very narrow slit at the posteriormost forebrain com-
artment. The prospective dorsal and ventral thalamic com-
onents were found to emerge from the posterior part of the
orebrain (Figs. 5E–5G, striped circles in Fig. 5M, and the dark
ink area in Figs. 6A and 6B). The boundary between the
orsal and the ventral thalamus [i.e., the zona limitans inter-
halamica (zlth)] could not be clearly determined with the
esolution of this analysis. However, posterior cells of the
uture thalamic region, especially those located at the neural
idge (i.e., the area posterior to the prospective p2/3 boundary
epresented by a faint line in Fig. 6A), tended to contribute
ainly to the dorsal thalamic component. In addition, the
road confines of the central part of the forebrain compart-
ent were found to form the optic stalk and neural retina (Fig.
J, red circles in Fig. 5M, and the red area in Figs. 6A and 6B).
he future cerebral cortex also occupied an unexpectedly large
rea in the posterolateral part of the neural plate (Figs. 5B, 5C,
M, 6A, and 6B), while the prospective region of the hip-
ocampus appeared to be localized to a narrow confine of the
audal peripheral zone of the future cerebral cortex (Figs. 5D
nd 5M). The anterolateral ridge of the neural plate appeared
o form the future striatum (Figs. 5A and 5B), although the
oundary between the future cortex and the striatum [i.e.,
ona limitans intertelencephalica (zlte); the faint line shown
s the prospective p4/5 boundary in Fig. 6A] seemed yet to be
etermined at the 5- to 7-somite stage. Furthermore, most of
he whole medial part of the forebrain compartment generated
ypothalamic components such as the preotic hypothalamus,
hiasmatic plate anlage, infundibulum, tuberal hypothala-
us, pednuclear area of the hypothalamus, mammillary hy-
othalamus, and supraoptic paraventricular area of the hypo-
halamus (Figs. 5E, 5K, and 5L, yellow circles in Fig. 5M, and
he yellow area in Figs. 6A and 6B). Only a small population of
ells was speculated to produce the subdivisions ventral to the
halamic components (light pink circles in Fig. 5M and the
ight pink area in Figs. 6A and 6B). Finally, the most anterior
rly mouse neural plate or tube. Within the prosencephalic neural
in B) and is maintained within the forebrain compartment through
gradually become weak (C–F). As for cadherin-6 mRNA, no signal
-somite stages, and the first expression occurs at the edge of the
stage. The whole forebrain compartment was demarcated by this
genes correlates well with the establishment of the forebrain
sulcus; s, somite stage. White arrowheads in (G–I) indicate the
ating neural crest cells from the midbrain. A small black arrow in
tube. A dashed line in (C) and (I) represents the forebrain/midbrain
ain/midbrain compartment boundary. (A) A typical example of the
eparation. (B) The same sample for (A) stained with anti-Pax6. The
rimposed image of A and B. Note the DiO-labeled midbrain cellshe ea
eads
plate
rly 4
mite
these
otic
migr
te or
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supeorebrain; mb, midbrain; white dashed line, the forebrain/midbrain
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380 Inoue, Nakamura, and Osumiportion of the neural plate was confirmed to form a part of the
striatum (including the lamina terminalis) as well as the
hypothalamus (including the chiasmatic plate anlage) (Figs. 5I
and 5M).
DISCUSSION
Compartmentalization of the Anterior Neural Plate
in the Early Mouse Embryo and Its Molecular
Mechanism
During the process of mammalian neurulation, the ante-
rior part of the early neural plate undergoes a dramatic
morphological change to form the brain (Morriss-Kay,
1981). Taking advantage of our WEC system, we have
obtained the first cellular records of the prosencephalic
neural plate in this process from the mouse embryo. As
previously reported in the frog (Eagleson and Harris, 1990),
no labeled cells crossing the midline of the neural plate
could be found at any developmental stage examined. This
indicated that the midline is the first compartment bound-
ary in the early neural plate before the 0-somite stage in the
mouse embryo (bold line in Fig. 6A).
During the 0- to 3-somite stages, the preotic sulcus is an
apparent landmark of the anterior neural plate, while no
sign of the forebrain/midbrain junction is visible at this
stage. Afterward, the forebrain grows more rapidly than can
be accounted for by intrinsic cell division alone, while the
adjacent midbrain/rostral hindbrain maintains a constant
cell number despite a high mitotic index (Tuckett and
Morriss-Kay, 1985). Based on cell kinetic studies and cell-
transplantation experiments, Morriss-Kay and Tuckett
(1987) have previously proposed that neuroepithelial cells
move in a rostral direction within the anterior neural plate
of the rat embryo. Consistent with this proposal, we were
able to demarcate a cell population contributing to the
forebrain only, even before the 5-somite stage, when the
lineage is restricted (Fig. 2A).
It should be noted that the expression domain of Hesx-1,
a homebox-containing transcription factor, appears to fall
within the forebrain-committed area at the 0- to 3-somite
stage (compare our Fig. 2A with Fig. 4J in Thomas and
Beddington, 1996). Since gene-knockout analysis has dem-
onstrated that Hesx-1 is involved in specifying anterior
structures of the forebrain (Dattani et al., 1998), its expres-
sion in the early neural plate might be required for the
production, differentiation, and/or maintenance of
forebrain-committed cells. In contrast, Wnt-1, a secretary
molecule required for midbrain patterning in the CNS
(McMahon and Bradley, 1990), does not appear to be ex-
pressed in the forebrain-committed cells at the 0- to
3-somite stage (compare our Fig. 2A with Fig. 3A in Row-
itch et al., 1997). Notably, the anterior boundary of Wnt-1
expression at this stage seems to be rather more fuzzy than
the posterior boundary of Hesx-1 expression. This is re-
flected in our finding that the cells at the anterior part of the
Wnt-1-positive region have uncertain characteristics be-
Copyright © 2000 by Academic Press. All righttween the forebrain and the midbrain at the 0- to 3-somite
stage (i.e., squared cells in Fig. 2A). At this stage, the
posterior boundary of the forebrain-committed area seems
to coincide with the later zlth by our dye-tracing analysis
(data not shown), indicating that cells anterior to zlth
would already have some characteristics different from
those posterior to zlth even before the forebrain cell lineage
is restricted. This could partly depend on the fact that the
underlying axial mesoderm is subdivided into the pre-
chordal plate and notochord just beneath the suggested
future zlth at this stage. A recent study using the organ
culture system has shown that the mouse neural plate at
the 2- or 3-somite stage already possesses different compen-
tencies for gene expression between the anterior and the
posterior regions adjoining the boundary (Shimamura and
Rubenstein, 1997), well reflecting our speculation from the
cell-tracing study.
Our cellular record clearly indicated that the cell lineage
of the forebrain is restricted from that of the midbrain by
the 5-somite stage, when the large bulge becomes visible at
the forebrain/midbrain junction. The only exception is the
case for the midline cells, which appear to migrate forward
to cross the forebrain/midbrain boundary even after the
5-somite stage (Fig. 2A). It would be of great interest to
study the molecular mechanisms responsible for limiting
cells within the forebrain compartment at the 5-somite
stage. As good candidates, we propose the transcription
factor Pax6 and the cell adhesion receptor cadherin-6 (Figs.
3 and 6A). First, the onset of Pax6 protein expression in the
anterior neural plate was observed at the late 4-somite stage
(Fig. 3B), just before the timing of prosencephalic cell
lineage restriction. Since Pax6 can regulate a number of
genes downstream, it may function to turn on or off genes
required to establish the forebrain/midbrain boundary. In
fact, mice lacking Pax6 gene function had no obvious
forebrain/midbrain boundary structure at the prosomeric
stage (Mastick et al., 1997). Second, cadherin-6 mRNA
expression was found to demarcate the whole forebrain
compartment at the 5-somite stage (Fig. 3H). Considering
that cadherins confer on cells selective adhesiveness,
cadherin-6 expression within the forebrain compartment
may function to maintain the forebrain/midbrain boundary.
It is known that another subclass of cadherins, mouse
N-cadherin, is expressed in the entire neural plate (Kimura
et al., 1995). These profiles of cadherin expression can
produce differential cell affinities between the forebrain
(5cadherin-6 1 N-cadherin) and midbrain (5N-cadherin) at
the 5-somite stage and might prevent cells from intermix-
ing at the boundary as was observed in Fig. 2A. Notably, it
has also been reported that various cadherins delineate
neuromeres in E12.5 mouse brain (Redies and Takeichi,
1996) and their differential expression patterns seem to play
pivotal roles to keep neuromere boundaries (Matsunami
and Takeichi, 1995; our unpublished data).
It is very likely that region-specific transcription factors
spatiotemporally regulate cell adhesion molecules to en-
sure that the cells once patterned by the former never
s of reproduction in any form reserved.
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381Fate Mapping of the Mouse Forebrainintermix together. Interestingly, several consensus se-
quences exist for Pax6 binding in the upstream region of the
cadherin-6 open reading frame (our unpublished data). It
would be important to examine the genetic relationship
between Pax6 and cadherin-6, whose expression is spatio-
temporally regulated within the forebrain compartment.
Fate Map of the Mouse Prosencephalon and the
Prosomeric Model
Within the forebrain compartment, we were able to map
various prospective brain regions (Fig. 5). According to the
prosomeric model (Puelles and Rubenstein, 1993; Ruben-
stein et al., 1994), the embryonic mouse forebrain (E10.5–
E12.5) is morphologically subdivided into six neuromeres
(p1–p6 in Fig. 6B; p, prosomeres). A crucial point in this
model is that several gene expression patterns fall coinci-
dentally within specific sets of suggested prosomeres. By
tracing such expression patterns back to the neural plate
stage, it is proposed that regional specifications might occur
even within the early neural plate (Shimamura et al., 1997).
Although the degree to which prospective regions of the
early neural plate are committed should be examined, our
fate map (Figs. 6A and 6B) is in agreement with that
speculated along the prosomeric model (Shimamura et al.,
995, 1997). It was confirmed that the anteriormost part of
he neural plate generates p6 components such as the
amina terminalis and the chiasmatic plate anlage (Fig. 5I),
hile the narrow slit of the posteriormost forebrain com-
artment contributes to the pretectum (p1). In relation to
he prospective boundaries of the prosencephalic neural
late, the prospective p2/3 boundary region (zlth) seems to
e lined transversely just anterior to the forebrain/midbrain
ompartment boundary, while the future p4/5 boundary
zlte or the boundary between the mammillary and the
uberal hypothalamus) appears to divide the early forebrain
ompartment transversely almost into two halves (Fig. 6A).
In the prosomeric model, the roof, alar, and basal plates
oncentrically cross the midline of the anteriormost neural
late, disposing the eyes and telencephalon within the alar
late (Shimamura et al., 1995). We also take a similar
osition since the basal components of p2–p6 (including the
ight pink area in Fig. 6B and the mammillary hypothala-
us, tuberal hypothalamus, and infundibulum) actually
riginate along the prospective alar/basal boundary (k and l
n Fig. 5M; Fig. 6A). It is noticeable in our mouse prosen-
ephalic fate map that disproportionally large areas are
ssigned to the anterior and lateral forebrain (i.e., the future
elencephalon; a light blue area in Fig. 6A). Therefore,
oordinated cell divisions or conversions should be neces-
ary to fold up the prosencephalic neural plate into the
rosomeric brain structures.
It should be further noted that the prospective boundaries
n our fate map correspond well to known gene expression
imits within the forebrain compartment (Fig. 6A). For
xample, Pax6 expression within the forebrain gradually
ecreases in the basal plate as described above (Figs. 3C–3F).
Copyright © 2000 by Academic Press. All righthe prospective alar/basal boundary in the neural plate,
hown in Fig. 6A, coincides with this ambiguous limit of
entral Pax6 expression at the 5- to 7-somite stage. Since
etection of Pax6 expression in the basal plate is entirely
egative by the 8-somite stage (Fig. 3D), the alar/basal
oundary may be established around this stage. The area
ositive for Emx-2 at the 5- to 7-somite stage has previously
been suggested to delineate the dorsal portion of future p3
and p4 subdivisions because its expression persisted in the
dorsal components of p3 and p4 at E10.5 (Shimamura et al.,
1997). Supporting this expression profile, the Emx-2-
positive region in the neural plate seems to coincide with
the prospective regions of the cerebral cortex, the supraop-
tic paraventricular area of the hypothalamus, and the ven-
tral thalamus, which are surrounded by the prospective
p2/3, alar/basal, and p4/5 boundaries (Fig. 6A). The anterior
limit of the Otx-1 expression domain in the neural plate
(Shimamura et al., 1997) can also be superimposed on the
prospective p4/5 boundary as shown in Fig. 6A, while the
posterior boundary of the gene expression was not deter-
mined as the midbrain/hindbrain boundary in the present
study. It may be reasonable to assume that such genes
regulate cell fate specifications within the forebrain com-
partment. In fact, germ-line mutations in human Emx-2
gene result in severe schizencephaly (Brunelli et al., 1996),
and mice lacking either the Emx or the Otx genes have
erious defects in the forebrain derivatives (Yoshida et al.,
997; Suda et al., 1997).
Segregation of Neural Crest Lineage from CNS
Neural crest cells are generated from the dorsal aspect of
the neural tube, which is the junctional region between the
ectoderm and the neural plate. Previous studies have indi-
cated that the ectopic compositions of the neural plate and
ectodermal tissues are sufficient to induce neural crest cells
at the edge of the former tissue in the frog (Baker and
Bronner-Fraser, 1997) and chicken (Selleck and Bronner-
Fraser, 1996) embryos. In mammals, focal labeling at vari-
ous sites of the anterior neural fold has delineated the
migration patterns of cranial neural crest cells (Serbedzija et
al., 1992; Osumi-Yamashita et al., 1994, 1996). However, to
what extent cells in the neural plate contribute to the
neural crest cell lineage in vivo remains open to question.
Our present data indicate that not only the neural ridge or
fold, but also the lateral part of the neuroepithelium,
produced neural crest cells when labeled at the 0- to
3-somite stage in mice (black-shaded triangles and squares
in Fig. 2A). These neural crest-generating domains were
gradually confined to narrower areas during development,
and when labeled at the 5- to 7-somite stage, only a few
populations were found to contribute to the neural crest
lineage.
It is of note that the expression domain of a homeobox-
containing transcription factor, Dlx-5, at the 0- to 3-somite
stage seems to concur with the neural crest-generating area
(compare Fig. 5G in Yang et al., 1998 with our Fig. 2A). This
s of reproduction in any form reserved.
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382 Inoue, Nakamura, and Osumigene might be involved in specification of the neural crest
precursors as discussed recently in Yang et al. (1998). In
addition, cadherin-6 appears to be transiently expressed in
prospective neural crest cells at the 4- to 5-somite stage (Fig.
3H) and, thereafter, in migrating prosencephalic neural
crest cells. Nakagawa and Takeichi (1998) suggested that
the transient expression of chicken cadherin-6B in the
dorsal neural tube is involved in crest cell emigration. Thus
the expression profiles of mouse cadherin-6 are also consid-
ered to ensure neural crest generation in the anterior neural
plate, through differential cell affinities, as is the case for
neural plate compartmentalization.
Brain Regionalization/Compartmentalization in
Vertebrate Evolution
Vertebrate brain morphology and function diverge from
species to species as an adaptation to their various living
environments. For instance, mammals have acquired a
highly organized architecture called the neocortex (or iso-
cortex) within the telencephalon. Have such species-
specific brain structures emerged along or beyond the
conserved organization of prosomeres during evolution?
Comparing our fate map in mice with those in our verte-
brates, the topologies of prospective brain regions in the
neural plate seem to be identical (Figs. 6A, 6C, and 6D;
Eagleson and Harris, 1990; Couly and LeDouarin, 1987;
Rubenstein et al., 1998); the mammalian-specific neocortex
appears to be generated along a conserved organization of
prosomeres. This implies that genetic mechanisms com-
mon between species might regulate basic features such as
prosomere formation at the first step of vertebrate brain
development. Therefore, disproportionate cell division or
movement in each neuromere, led by species-specific modi-
fications or changes in the genetic mechanisms, should
promote the subsequent emergence of various brain mor-
phologies. In support of this idea, a comparative study of
gene expression patterns in different animals has shown
that similar sets of genes delineate homologous regions in
the telencephalon of mouse, chicken, turtle, and frog em-
bryos at prosomeric stages, while one expression domain,
that exists in chicken embryos at later stages, is missed in
mouse embryos (Fernandez et al., 1998). Again, homologies
etween prosencephalic subdivisions were proposed on the
asis of conservation of gene expression patterns, although
he divergence of gene expression has been ascribed to
pecies-specific brain structures.
Such species-specific aspects may be revealed by studying
i) which cell populations take part in cerebral cortex
ormation in mammals, (ii) when these cell populations
ecome distinct from neighboring populations, and (iii) why
uch cell populations in other vertebrates never form the
eocortex. The solution of these problems might simulta-
eously elucidate how mammalian-specific neuronal cir-
uits such as the thalamocortical pathways are integrated
nto the neocortex and would finally allow us to explain the
ellular and genetic mechanisms that ensure the highly
Copyright © 2000 by Academic Press. All rightrganized architecture and function of our own brain during
evelopment and evolution.
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